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An Al–Cu–Fe partial phase diagram involving the icosahedral quasicrystal has been
constructed along an Al62.5Cu37.5−xFex (x 4 2.5 to 25 at.%) isopleth. The icosahedral
quasicrystal forms at 850 °C via a peritectic reaction between a liquid and
(Al,Cu)13Fe4 phase and coexists with a liquid phase at temperature below the peritectic
reaction. The icosahedral quasicrystal crystallizes as a primary phase in the
temperature range of 760 to 850 °C from alloys surrounded by composition points of
Al–Cu–Fe: 62.5–33–4.5, 62.5–34.5–3, 57.5–39.5–3 and 57.5–38.0–4.5 at.%. On the
basis of the phase diagram, single grains of the Al–Cu–Fe icosahedral quasicrystal
with a maximum size of 5 mm were successfully grown from Al–Cu–Fe melts.
Large size single grains of quasicrystals were succes-
sively prepared in Al–Pd–Mn,1–3 Al–Co–Ni,4–6 Al–Co–
Cu,7–8 Al–Pd–Re,9 and Zn–Mg–RE (RE 4 rare earth
element)10,11 systems by conventional crystal growth
techniques such as floating zone, Bridgman, Czochralski,
and slow cooling methods. Preparation of single grains of
Al–Cu–Fe icosahedral quasicrystal by the conventional
crystal growth techniques has not been successful due to
its complicated solidification process. It has been re-
ported that the Al–Cu–Fe icosahedral quasicrystal (i-
phase) forms at about 860 °C through a peritectic
reaction.12,13 Early work prepared single grains with
small sizes by annealing the quasicrystal alloy just below
the peritectic reaction temperature.14,15 Later, Ishimasa
and Mori16 succeeded in producing Al–Cu–Fe i-phase
single grains up to 3 mm, using a slow cooling process
through the peritectic reaction followed by annealing at
822 °C. Lograsso and Delaney17 further prepared a larger
single grain by multiple cyclic heat treatments at tem-
peratures below 860 °C. The common characteristic of
these methods is that the i-phase was kept at temperatures
below the peritectic temperature for a long time and the
single grains were not grown directly from the melts. It
has been pointed out that during annealing or slow cool-
ing, a liquid phase might have appeared.16,17 According
to the isothermal phase diagram constructed by Gayle
et al.,12 there is a region at 800 °C where the i-phase
equilibrates with a liquid. These results indicate a possi-
bility that single grains of the Al–Cu–Fe quasicrystal
can be prepared from a melt. Yokoyama et al. recently
reported that a single grain of the quasicrystal could be
prepared from an Al–Cu–Fe–Si melt, where Si seems to
be indispensable.18 In an investigation of a phase dia-
gram along an Al62.5Cu37.5−xFex (x 4 2.5 to 25 at.%)
isopleth, we found a coexistence equilibrium region for
the icosahedral quasicrystal and liquid phase. On the
basis of the phase diagram, we succeeded in growing
single grains of the icosahedral quasicrystal directly from
a ternary Al–Cu–Fe melt. In this paper, we report the
results.
Al–Cu–Fe alloys with Cu ranging from 10 to 45 at.%,
Fe from 2.5 to 25 at.% and Al from 55 to 80 at.% were
used in the present study. These alloys were prepared
from pure metals by arc melting in an Ar atmosphere.
The purity was 99.999 wt% for Al, 99.999 wt% for Cu,
and 99.99 wt% for Fe. The phase transformation tem-
peratures of the alloys were measured by differential
thermal analysis (DTA) at a heating/cooling rate of
10 K/min. A part of alloys were encapsulated in evacu-
ated quartz tubes and annealed at the temperatures of
interest followed by water quenching. Phase composition
was determined using a scanning electron microscope by
energy-dispersive spectrum analysis (EDS) on polished
unetched cross sections with pure metals as standards.
Phase identification was carried out by x-ray diffraction
and selected-area electron diffraction of transmission
electron microscopy.
Single grains of the i-phase were grown from
Al60Cu36Fe4 and Al58Cu38Fe4 alloys. The alloys were
filled in Al2O3 crucibles, in which a stainless steel grid
was fixed at a position above the alloy for decanting the
melt. A BN cap was placed on top of the crucible.
The whole crucible was then encapsulated into an evacu-
ated quartz tube. The sample was first heated to 1000 °C
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and kept at the temperature for 2 h to attain a homog-
enous mixture of melt. To reduce number of heteroge-
neous nuclei, the sample was then cooled and heated
repeatedly between 900 and 800 °C. Finally, the melt
was cooled down from 900 to 780 °C at a rate of 1 °C/h.
As temperature reached 780 °C, the crucible was de-
canted to separate the single grains of the quasicrystal
from the remaining liquid; then the whole quartz tube
together with the Al2O3 crucible was water quenched to
prevent the single grains from undergoing a quasicrystal-
approximate transformation. Characterization of the
single grains was carried out by back Laue x-ray diffrac-
tion and neutron diffraction.
A partial phase diagram with a fixed Al content of
62.5 at.% is shown in Fig. 1. Solid circles, triangles, and
squares were obtained from DTA measurements. Five
reactions were observed in Al62.5Cu37.5−xFex alloys with
x from 2.5 to 25 at.%. The reaction at about 980 °C cor-
responds to the formation of Al(Cu)13Fe4. The i-phase is
formed at 850 °C via a peritectic reaction of liquid +
(Al,Cu)13Fe4 4 i. The peritectic point is around
12.5 at.% Fe and composition of the liquid phase at the
peritectic reaction is 4.5 at.% Fe. For Al62.5Cu37.5−xFex
alloys with x from 5 to 12.5 at.%, (Al,Cu)13Fe4 phase
first crystallizes from their melts as a primary phase and
then reacts with the remaining liquid at 850 °C to form
i-phase. It is noteworthy that the i-phase is a primarily
crystallized phase in the temperature range of 760 to
850 °C for Al62.5Cu37.5−xFex (3 < x < 4.5 at.%) alloys.
Shown in Fig. 2 are microstructures of the
Al62.5Cu33.5Fe4 alloy annealed at 900 and 800 °C for 1 h
and then quenched in water. Al62.5Cu33.5Fe4 alloy, an-
nealed at 900 °C and quenched in water, shows fine Al-
(Cu,Fe) dendrites dispersed within an Al2Cu matrix.
Annealed at 800 °C, it is composed of a large i-phase
with a composition of Al64.5Cu23.5Fe12 and fine micro-
structure similar to that at 900 °C. Fine dendrite structure
usually forms from a liquid during quenching and thus
we believe that the Al62.5Cu33.5Fe4 alloy is in a liquid
state at 900 °C. This is verified by DTA analysis in
which only a peak corresponding a reaction around
831 °C was detected at temperatures above 760 °C. This
indicates that i-phase is a primary phase directly forming
FIG. 1. Vertical phase diagram of the Al–Cu–Fe system along an
isopleth of 62.5 at.% Al. The i refers to the icosahedral quasicrystal.
FIG. 2. Microstructures of the Al62.5Cu33.5Fe4 alloy. (a) Annealed at
900 °C for 1 h and then water quenched. The alloy is composed of
white Al(Cu,Fe) phase and black Al2Cu phase. (b) Annealed at 800 °C
for 1 h and then water quenched. The alloy is composed of gray
icosahedral quasicrystal (i), white Al(Cu,Fe) phase, and black Al2Cu
phase.
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from the liquid. A systemic investigation revealed that
the primary i-phase forms from alloys in the composition
area surrounded by compositions of Al–Cu–Fe: 62.5–33–
4.5, 62.5–34.5–3, 57.5–39.5–3, and 57.5–38.0–4.5 at.%.
The composition of Fe is limited in the range from 3 to
4.5 at.%.
On the basis of the phase diagram, Al60Cu36Fe4 and
Al58Cu38Fe4 alloys were selected as the starting materi-
als for growing single grains of the Al–Cu–Fe icosahe-
dral quasicrystal. Shown in Fig. 3(a) is a single grain
grown from the Al60Cu36Fe4 alloy with morphology of a
pentagonal dodecahedron. Figure 3(b) shows a back
Laue x-ray diffraction pattern taken from the pentagonal
dodecahedron along the direction perpendicular to the
pentagon, which has 5-fold symmetry. All the diffraction
patterns taken along the direction perpendicular to the
pentagon have the same picture as shown in Fig. 3(b),
confirming the formation of single icosahedral quasi-
crystal. The grown single grains have an average compo-
sition of Al62.7Cu25.9Fe11.4. Obvious solute distribution
was not detected in the single grains. The reason is that
the single grains were grown from the melt at so slow a
cooling rate of 1 °C/h that there was enough time during
the growth for the solute to diffuse within the single
grains. The maximum diameter of the single grains is
5 mm in this study. Neutron diffraction was carried out to
examine whether there is a small angle boundary in the
pentagonal dodecahedron sample with a size of 5 mm in
diameter. Only one diffraction peak appeared in the neu-
tron diffraction pattern, confirming that the pentagonal
dodecahedron sample is indeed a single grain.
In this study, it is clear that a two-phase equilibrium
region between the icosahedral quasicrystal and a liquid
phase does exist, and the single grain can be directly
prepared from the Al–Cu–Fe melt. In the past, single
grains of the Al–Cu–Fe icosahedral quasicrystal were
prepared by annealing or slow cooling Al–Cu–Fe alloys
at temperatures between 760 and 850 °C, which are be-
low the peritectic reaction temperature for the quasicrys-
tal. According to our result, this is due to the existence of
the two-phase equilibrium region.
For preparation of the single grains of the Al–Cu–Fe
icosahedral quasicrystal, the partial phase diagram was
constructed along the Al62.5Cu37.5−xFex (x 4 2.5 to
25 at.%) isopleth. For the Al62.5Cu37.5−xFex (x 4 5
to 12.5 at.%) alloys, the icosahedral quasicrystal forms at
850 °C by a peritectic reaction between a liquid and
(Al,Cu)13Fe4 phase. The two-phase equilibrium region
exists for the Al–Cu–Fe icosahedral quasicrystal and a
liquid phase. Its composition area is surrounded by com-
positions of Al–Cu–Fe: 62.5–33–4.5, 62.5–34.5–3, 57.5–
39.5–3, and 57.5–38.0–4.5 at.% and its temperature
range is between 760 and 850 °C. Single grains of the
Al–Cu–Fe icosahedral quasicrystal with a maximum size
of 5 mm was successfully prepared from Al–Cu–Fe melts
in the above composition area by a slow cooling method.
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